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17718 A b s t r a c t  

The p o s s i b l e  d e t e c t i o n  of t h e  lee wake of  t h e  magneto- 

hydrodynamic i n t e r a c t i o n  of t he  solar wind w i t h  t h e  Moon a s  

obse rved  by t h e  IMP-1 s a t e l l i t e  is d i s c u s s e d .  The i n t e r p l a n e t a r y  

magnet ic  f i e l d  w a s  found t o  f l u c t u a t e  v e r y  r a p i d l y  and r e a c h  

anomalously l a r g e  v a l u e s  when t h e  s a t e l l i t e  w a s  app rox ima te ly  

e c l i p s e d  by t h e  Moon i n  December 1963. L a t e r  d a t a  on t h e  

i n t e r p l a n e t a r y  f i e l d  i n  February  1964 s u g g e s t  t h a t  a de tached  

l u n a r  shock wave ana logous  t o  t h a t  obse rved  by IMP-1 a s s o c i a t e d  

w i t h  t h e  E a r t h  may n o t  be a permanent f e a t u r e  of  t h e  l u n a r  

envi ronment .  The approximate  l e n g t h  of  t h e  wake r e g i o n  beh ind  

t h e  Moon is 150 l u n a r  r a d i i  a t  which d i s t a n c e  t h e  d i a m e t e r  o f  

t h e  r e g i o n  is abou t  70 l u n a r  r a d i i .  A r ev iew of r e l a t e d  

s t u d i e s  on 29.5 day p e r i o d i c i t i e s  of  K is p r e s e n t e d .  The solar 

wind i n t e r a c t i o n  wi th  t he  geomagnetic f i e l d  e x t e n d s  t h e  

magnetosphere f a r  behind  t h e  E a r t h .  Hence, l u n a r  synod ic  

p e r i o d i c i t i e s  i n  K may r e f l e c t  t h e  i n t e r a c t i o n  of t h e  Moon 

w i t h  t h e  E a r t h ' s  magnet ic  t a i l  r a t h e r  t h a n  t h e  moon's wake w i t h  

P 

P 

t h e  E a r t h .  



4 

l b  

Table of Contents 
Page 

1 .0  Introduction ......o.....~.~...................~.........~ 1 

2 . 0  Magnetic f i e l d  of the Moon. . . . . . . . . . . . . . . . 3  

3 .0  Lunar Shock Wave ... . . . . . . . . . . . . . . . . . 6 

4 . 0  Observations of the  Lunar Magnetohydrodynamic Wake. . . . 10 

5 . 0  F lu id  Dyaamic Considerations.  . . . . ~ . . . . . . . . . 18 

6 . 0  Kp and Related S tud ies  . . . . . . . . . . . . e . . . . 24 

7.G Summary and Conclusions . . . . . . . . . . . . . . 27 

Acknowledgements. . . . . . . . . . . . . . . . . . . 29 

References 

L i s t  of Figures 

Figures 1-17 



c 

The Magnetohydrodynamic Wake o f  t h e  Moon 

. 

' t  

8 

Norman F. N e s s  

1.0 I n t r o d u c t i o n  

Lunar a s s o c i a t e d  t e r res t r ia l  phenomena have been s t u d i e d  

e x t e n s i v e l y  f o r  many y e a r s  i n  a wide r a n g e  o f  s c i e n t i f i c  

d i s c i p l i n e s  i n c l u d i n g  geomagnetism (Chapman and  B a r t e l s ,  1940) .  

The p r i n c i p a l  g e o p h y s i c a l  e f f e c t s  which have been observed  a re  

due  p r i m a r i l y  t o  t h e  d i r e c t  o r  i n d i r e c t  i i i f l u e n c e  o f  t h e  Moon's 

g r a v i t a t i o n a l  f i e l d .  The r o t a t i o n  o f  t h e  E a r t h  c o u p l e d  wi th  t h e  

e l l i p t i c  o r b i t  of t h e  Moon i n t r o d u c e s  c h a r a c t e r i s t i c  t i m e  

modula t ions  and f l u c t u a t i o n s  of g e o p h y s i c a l  phenomena w i t h  

f r e q u e n c i e s  which c a n  be a c c u r a t e l y  ascribed t o  a l u n a r  

g r a v i t a t i o n a l  i n f l u e n c e ,  The v a r i o u s  ' ' t i d a l "  phenomena w i t h  

s e m i - d i u r n a l  t o  monthly p e r i o d s  o c c u r r i n g  i n  b o t h  the  s o l i d  and 

f l u i d  E a r t h  c o n t a i n  impor t an t  l u n a r  c o n s t i t u e n t s  (Melchior, 1957;  

Doodson, 1958,  S i e b e r t ,  1960). R e c e n t l y  a t t e n t i o n  h a s  been 

d i r e c t e d  t o  a s t u d y  of t h e  expansion o f  t h e  s o l a r  corona  i n t o  

i n t e r p l a n e t a r y  s p a c e .  T h i s  can l e a d  t o  a somewhat d i f f e r e n t  and 

m o r e  complex l u n a r  a s  w e l l  as so l a r  i n f l u e n c e  011 t h e  iinmediate 

terrestr ia l  environment  F e j e r  (1964) h a s  s u g g e s t e d  t h a t  a t  

least a p o r t i o n  of t h e  c l a s s i c a l  " t i d a l "  v a r i a t i o n s  i n  geomagnetism 

may be d i r e c t l y  r e l a t e d  t o  t h i s  phenomenon. 
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Subsequent  t o  t h e  e a r l y  s u g g e s t i o n  by Biermann (1951). 

t h a t  an adequa te  e x p l a n a t i o n  o f  cometary  t a i l  s t r u c t u r e s  

r e q u i r e d  a s u b s t a n t i a l  and c o n t i n u o u s  so l a r  c o r p u s c u l a r  f l u x ,  

P a r k e r  (1958,1960) deve loped  t h e  hydrodynamic t h e o r y  o f  the  

c o r o n a l  expans ion ,  r e f e r r i n g  t o  t h i s  plasma f l o w  as t h e  "solar 

wind". D i rec t  measurements by s a t e l l i t e  and s p a c e  p r o b e s  s i n c e  

1959 have confirmed e x p e r i m e n t a l l y  t h e  e x i s t e n c e  of  a so la r  

plasma f lowing  approx ima te ly  r a d i a l l y  f rom t h e  Sun w i t h  a 

p o s i t i v e  i o n  f l u x  between l o 7  t o  10 

e n e r g i e s  between 200ev t o  1 0  Kev (Gr ingauz ,  1961; B o n e t t i  e t  a l ,  

1963;  Snyder and Neugebauer,  1964;  Br idge  e t  a l ,  1964) .  A d i r e c t  

consequence o f  t h e  rad ia l  s o l a r  wind v e l o c i t y ,  t h e  h i g h l y  i o n i z e d  

c o r o n a l  g a s e s ,  and t h e  r o t a t i o n  o f  t h e  Sun is t h a t  t h e  p h o t o s p h e r i c  

magnet ic  f i e l d s  are  ex tended  i n  t h e  p l a n e  o f  t h e  e c l i p t i c  and 

t w i s t e d  i n t o  t h e  form o f  an  Archimedes s p i r a l  ( P a r k e r ,  1963) .  

Accura t e  measurements o f  t h e  i n t e r p l a n e t a r y  magnet ic  f i e l d  have  

r e c e n t l y  been made on t h e  IMP-1 s a t e l l i t e  ( N e s s  e t  a l ,  1964) 

c o n f i r m i n g  c e r t a i n  of  t h e  t h e o r e t i c a l  p r e d i c t i o n s  on t h e  

d i r e c t i o n  of the  f i e l d  and d e t e r m i n i n g  t h e  a v e r a g e  magnitude t o  

be c lose  t o  5 gammas ( N e s s  and Wilcox, 1964) 

9 2 p a r t i c l e s / c m  /sec and 

The i n t e r a c t i o n  o f  t h e  so l a r  wind w i t h  p l a n e t a r y  ob jec ts  is 

an impor t an t  f a c t o r  i n  d e t e r m i n i n g  t h e i r  s p a c e  envi roniaent .  The 

p r i n c i p a l  r e s u l t  o f  t h e  so la r  wind impac t ing  a p l a n e t a r y  magnet ic  

f i e l d  is t o  c o n f i n e  t h e  f i e l d  t o  a r e g i o n  o f  space s u r r o u n d i n g  

t h e  p l a n e t .  The e x i s t e n c e  of a quas i - s t a t i c  Chapman-Ferraro 

c a v i t y  ( reviewed by Chapman (1963)) which e x c l u d e s  t h e  d i r e c t  

, 

E 
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p e n e t r a t i o n  of so la r  plasma i n t o  t h e  geomagnet ic  f i e l d  h a s  been 

demons t r a t ed  by t h e  r e c e n t  s a t e l l i t e  e x p e r i m e n t s  of B o n e t t i  e t  

a1 (1963) ,  Heppner e t  a1 (1963) ,  C a h i l l  and Amazeen (1963) ,  

Freeman e t  a1 (1963), Ness e t  a1 (1964) ,  Anderson e t  a1 (1964) ,  

Br idge  e t  a1 (1964) ,  and Freeman (1964) An i m p o r t a n t  f e a t u r e  

of t h e  i n t e r p l a n e t a r y  medium, w i t h  r e s p e c t  t o  i t s  i n t e r a c t i o n  

w i t h  p l a n e t a r y  o b j e c t s ,  i s  t h a t  i t  is a magnet ized  plasma and 

t h u s  s u p p o r t s  magnetohydrodynamic wave p r o p a g a t i o n .  I n  t h i s  

s e n s e  t h e  plasma f low is super -Alfvenic  s i n c e  t h e  v e l o c i t y  of  

magnetohydrodynamic wave p ropaga t ion  is less  t h a n  90 km/sec 

w h i l e  t h e  solar  plasma v e l o c i t y  is between 300-900 km/sec. T h i s  

l e a d s  t o  Alfven  Mach numbers u s u a l l y  g r e a t e r  t h a n  4 .  

1 

1 

T h i s  pape r  is concerned  wi th  an expanded d i s c u s s i o n  of 

p o s s i b l e  d i r e c t  expe r imen ta l  e v i d e n c e  of t h e  magnetodydro- 

dynamic i n t e r a c t i o n  of  t h e  solar wind wi th  t h e  Moon a s  o b t a i n e d  

by t h e  IMP-1 magnet ic  f i e l d  exper iment  (Ness e t  a l ,  1964) 

During t h e  month of December 196.3 t h e  IMP-1 s a t e l l i t e  a p p e a r s  

t o  have been l o c a t e d  w i t h i n  t h e  downstream wake r e g i o n  of t h e  

Moon a s  it i n t e r a c t s  w i t h  t h e  so la r  wind. T h i s  i n t e r p r e t a t i o n  

of t h e  d a t a  a s  w e l l  a s  t h e  d a t a  i t s e l f  w i l l  be d i s c u s s e d  i n  t h e  

f o l l o w i n g  s e c t i o n s .  

2 .O Magnet ic  F i e l d  of t h e  Moon - - 

The e x i s t e n c e  o r  absence  of  a n  i n t r i n s i c  l u n a r  magne t i c  

f i e l d  is i m p o r t a n t  i n  t h e  development of adequa te  t h e o r i e s  t o  

e x p l a i n  p l a n e t a r y  magnetism and t h e  o r i g i n  of t h e  s o l a r  s y s t e m .  

The p r e s e n t l y  a c c e p t e d  t h e o r y  f o r  t h e  o r i g i n  o f  t h e  geomagnet ic  
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f i e l d  is based upon a f l u i d  core s u s t a i n i n g  a r e g e n e r a t i v e  

dynamo system of e l e c t r i c a l  c u r r e n t s  ( E l s a s s e r ,  1950;  I n g l i s ,  

1955) .  The p o s s i b i l i t y  of a l u n a r  magnet ic  f i e l d  m a i n t a i n e d  

by s u c h  f l u i d  motion h a s  been t h e o r e t i c a l l y  i n v e s t i g a t e d  by 

Zharkov and U l i n i c h  (1960) c o n c l u d i n g  t h a t  s u r f a c e  f i e l d s  o f  

0 .1  t o  1 .0  gauss  are p o s s i b l e .  The i n t e r n a l  c o n s t i t u t i o n  o f  

t h e  Moon is n o t  w e l l  known (MacDonald, 1961) b u t  t h e  p o s s i b i l i t y  

of  a d e n s e  f l u i d  core a n a l o g o u s  t o  t h e  E a r t h ' s  s e e m s  h i g h l y  

u n l i k e l y .  Another p o s s i b i l i t y  is t h a t  s o m e t i m e  i n  t h e  a n c i e n t  

p a s t  t h e  Moon c o o l e d  down t h r o u g h  its C u r i e  p o i n t  w h i l e  i n  t h e  

p r e s e n c e  o f  an e x t e r n a l  magnet ic  f i e l d  t h u s  a c q u i r i n g  thermo- 

remanent m a g n e t i z a t i o n .  T h i s  l a t t e r  s u g g e s t i o n  r e q u i r e s  t h a t  t h e  

Moon w a s  a t  one t i m e  n e a r l y  e n t i r e l y  molten whether  i t  accreted 

from a large number o f  smaller masses or  w a s  formed from one 

l a r g e  m a s s .  A t  t h e  p r e s e n t  t i m e  t h i s  h y p o t h e s i s  c a n n o t  be 

c o n c l u s i v e l y  a r g u e d  (Levin (1960) , MacDonald (1963)) . 
The o n l y  d i r e c t  e v i d e n c e  o f  t h e  s t a t e  o f  a l u n a r  rnagnetic 

f i e l d  has been p r o v i d e d  b y  t h e  S o v i e t  s p a c e  probe  Lunik  I1 

(Dolginov e t  a l ,  1961) .  Measurements w i t h  a s e n s i t i v i t y  o f  

a b o u t  30 gammas were performed a l o n g  a n  impact t r a j e c t o r y  t o  

w i t h i n  a d i s t a n c e  o f  55 km from t h e  l u n a r  s u r f a c e .  No l u n a r  

magnet ic  f i e l d  l a r g e r  t h a n  t h e  n o i s e  l e v e l  w a s  detected.  The 

c o n c l u s i o n  reached by t h e s e  a u t h o r s  on t h e  bas i s  o f  a s i m p l e  

d i p o l e  model of t h e  l u n a r  magnet ic  f i e l d  w a s  t h a t  t h e  e f f e c t i v e  

l u n a r  magnetic moment must be less t h a n  10-4 t h a t  o f  t h e  E a r t h ' s .  

A s  p o i n t e d  o u t  by V e s t i n e  (1957) and  Neugebauer (1960) however,  
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t h e  so l a r  wind is s u f f i c i e n t l y  s t r o n g  t o  c o n f i n e  t h e  magnet ic  

f i e l d  of  t h e  Moon t o  a r e g i o n  v e r y  c lose t o  or even below its 

s u r f a c e .  I n  t h e  l a t t e r  c a s e  t h e  solar  wind d i r e c t l y  impac t s  

t h e  l u n a r  s u r f a c e .  On the assumpt ion  t h a t  

(1) t h e  Moon p o s s e s s e s  a d i p o l a r  magnet ic  f i e l d  w i t h  

e q u a t o r i a l  f i e l d  s t r e n g t h  = Bo, 

( 2 )  t h e  d i p o l e  a x i s  is p e r p e n d i c u l a r  t o  t h e  so la r  wind 

v e l o c i t y  and 

(3) t h e  solar  plasma f lows  on around t o  t h e  back s i d e  of  

t h e  Moon r a t h e r  t han  t o  be s p e c u l a r l y  r e f l e c t e d  

then  t h e  r a d i u s  of t h e  l u n a r  magnet ic  c a v i t y  boundary a t  t h e  

s u b s o l a r  or s t a g n a t i o n  p o i n t  is g i v e n  by : 

R, = R, 

where Vs = v e l o c i t y  of solar wind (Km/sec )  

n = p r o t o n  d e n s i t y  (p/cm 3 ) 

m = p r o t o n  mass (gms) 

T h i s  is i l l u s t r a t e d  i n  F i g u r e  1 and c l e a r l y  shows t h a t  f o r  t h e  

o b s e r v e d  v a l u e s  of  t h e  solar wind any  such  l u n a r  magnet ic  f i e l d  

w i l l  be compressed r a t h e r  c l o s e  t o  the  s u r f a c e  of  t h e  Moon. 

Gold (1964) h a s  sugges t ed  an o r i g i n  of a l u n a r  f i e l d  which 

i n c o r p o r a t e s  t h e  i n t e r a c t i o n  of t he  magnet ized  so la r  plasma w i t h  

t h e  l u n a r  body. The f i n i t e  e l e c t r i c a l  c o n d u c t i v i t y  of t h e  Moon 

p r o v i d e s  a mechanism f o r  t h e  t r a p p i n g  of t h e  i n t e r p l a n e t a r y  
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magnet ic  f i e l d .  The model proposed  h a s  n o t  been q u a n t i t a t i v e l y  

deve loped .  I t  depends & t i c a l l y  upon t h e  magnet ic  Reynolds  

number o f  t h e  Moon, r e q u i r i n g  t h a t  t h e  i n t e r p l a n e t a r y  f i e l d  be 

o b s t r u c t e d  i n  its motion th rough  t h e  l u n a r  body so t h a t  l i n e s  

of  f o r c e  are accumulated and compressed on t h e  s u n l i g h t  hemisphere .  

T h i s  must occur  f o r  a t i m e  i n t e r v a l  s u f f i c i e n t l y  l o n g  t h a t  a 

q u a s i - s t a t i c  f i e l d  c o n f i g u r a t i o n  c a n  d e v e l o p  i n  s p i t e  of t h e  

r o t a t i o n  of t h e  Moon and t h e  obse rved  v a r i a b i l i t y  o f  t h e  d i r e c t i o n  

of t h e  i n t e r p l a n e t a r y  magnet ic  f i e l d .  

3.0 Lunar Shock Wave 

The p resence  or absence  of  a l u n a r  magnet ic  f i e l d  is 

i m p o r t a n t  i n  de t e rming  t h e  d e t a i l e d  c h a r a c t e r i s t i c s  of t h e  so la r  

wind i n t e r a c t i o n  w i t h  t h e  Moon. F a r  downstream it is n o t  as  

c l ea r  how impor t an t  any l u n a r  f i e l d  may be i n  d e t e r m i n i n g  t h e  

c h a r a c t e r i s t i c s  of  t h e  r e s u l t a n t  i n t e r a c t i o n s  i n  t h e  solar  wind 

as it resumes a f r e e  stream f low.  The o v e r a l l  s i t u a t i o n  may w e l l  

r e semble  more c l o s e l y  t h e  i n t e r a c t i o n  of  t h e  s o l a r  wind w i t h  

comets (Marochnik, 1963) r a t h e r  t h a n  i ts  i n t e r a c t i o n  w i t h  t h e  

geomagnet ic  f i e l d .  For  t h e  p r e s e n t  s t u d y ,  t h e  m o s t  p e r t i n e n t  

f e a t u r e  of  t h e  so la r  wind i n t e r a c t i o n  is t h e  d i s t a n c e  beh ind  t h e  

Moon t o  which o b s e r v a b l e  e f f e c t s  of  such  magnetohydrodynamic 

phenomena would p e r s i s t .  V a r i o u s  a u t h o r s  (Beard ,  1960; Johnson ,  

1960;  P i d d i n g t o n ,  1960 ; H a r r i s o n ,  1963;  L e e s ,  1964;  Axford e t  

a l ,  1964 and Dessler,  1 9 6 4  have p r e s e n t e d  q u a l i t a t i v e  a rguments  

on t h e  l e n g t h  of t h e  geomagnet ic  " ta i l "  beh ind  t h e  E a r t h .  T h i s  

r e g i o n  of t h e  iiiagnetosphere h a s  y e t  t o  be e x p e r i m e n t a l l y  probed  

l and e x i s t i n g  t h e o r e t i c a l  t r e a t m e n t s  are l i m i t e d  i n  t h e i r  s cope .  

t 
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8 .  

The b e s t  e f f o r t s  t h u s  f a r  have u t i l i z e d  t h e  ana logy  w i t h  

s u p e r s o n i c  gas dynamics r e p r e s e n t i n g  t h e  solar wind as a 

v i s c o u s  f l u i d  and t r a n s l a t i n g  the p a r t i c l e  c h a r a c t e r i s t i c s  o f  

t h e  plasma t o  d continuum p r o p e r t y  o f  t h e  f l u i d .  

The s u g g e s t i o n  t h a t  a de tached  c o l l i s i o n l e s s  magnetohydro- 

dynamic shock  wave e n c l o s e s  the  E a r t h ' s  magnetosphere has been 

p r e s e n t e d  by Axford (1962) and Kellogg (1962) among o the r s , ,  

S p r e i t e r  and J o n e s  (1963) have a p p l i e d  c l a s s i c a l  s u p e r s o n i c  

f low t h e o r y  t o  de te rmine  t h e  l o c a t i o n  and  geometry o f  t h e  shock  

wave s u r f a c e .  The agreement  between t h e o r y  and o b s e r v a t i o n  is 

v e r y  good,  r e q u i r i n g  o n l y  a minor m o d i f i c a t i o n  i n  t h e  c h o i c e  o f  

e q u i v a l e n t  s p e c i f i c  h e a t  r a t i o  used  i n  t h e  f l u i d  dynamic a n a l o g y  

t o  y i e l d  improved comparisons w i t h  the o b s e r v a t i o n s .  The m o s t  

c r i t i c a l  p o i n t  i n  t h e s e  s t u d i e s  b e i n g  t h e  r a t i o  a t  t h e  s t a g n a t i o n  

p o i n t  of t h e  shock  wave r a d i u s  t o  t h e  geomagnet ic  c a v i t y  r a d i u s ,  

The s u c c e s s  o f  t h i s  s i m i l i t u d e  argument  h a s  been v e r i f i e d  

e x p e r i m e n t a l l y  o n l y  near the  s t a g n a t i o n  p o i n t  o f  t h e  s o l a r  wind 

i n t e r a c t i o n  w i t h  t h e  E a r t h ' s  magnet ic  f i e l d .  However t h i s  

s u g g e s t s  i t s  c o n s i d e r a t i o n  f o r  c o n d i t i o n s  f a r  f rom t h e  s t a g n a t i o n  

p o i n t ,  1 .e .  t h e  t a i l  r e g i o n  of t h e  solar  wind i n t e r a c t i o n  w i t h  

t h e  geomagnet ic  f i e l d .  T h i s  h a s  been done by Lees  (1964) who 

showed t h a t  a secondary  shock or t a i l  shock  would deve lop  i n  t h e  

wake o f  t h e  plasma f l o w  around t h e  e a r t h .  D a t a  o b t a i n e d  by t h e  

IMP-1 s a t e l l i t e  which have  ye t  t o  be a n a l y z e d  w i l l  p a r t i a l l y  

answer t h e s e  i inpor tan t  q u e s t i o n s  abou t  t h e  magnet ic  f i e l d  topo logy  

w i t h i n  t h e  geomagnet ic  t a i l  
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I n  t h e  absence  o f  m o r e  d e f i n i t e  knowledge a b o u t  a l u n a r  

magnet ic  f i e l d  t h e  argument f o r  a l u n a r  shock  wave is n o t  on as 

f i r m  a b a s i s  as  i n  t h e  case of t h e  E a r t h .  In  t h e  r e l a t i v e l y  

weak i n t e r p l a n e t a r y  magnet ic  f i e l d  t h e  r a d i u s  of g y r a t i o n  of  

a s o l a r  wind p r o t o n  is comparable  t o  t h e  l u n a r  r a d i u s .  Tab le  I 

p r e s e n t s  r e p r e s e n t a t i v e  v a l u e s  f o r  t h e  p r o t o n  L a r m o r  r a d i u s  a s  

a f u n c t i o n  of f i e l d  s t r e n g t h  and plasma e n e r g y  (or v e l o c i t y )  

Magnet ic  F i e l d  S t r e n g t h  ( Y ) 10 

P r o t o n  E n e r g y  V e l o c i t y  

4 Kev 876 K m / s e c  914 

2 Kev 619 K m / s e c  646 

1 Kev 438 K m / s e c  45 7 

500 ev  310 K m / s e c  323 

250 ev  219 K m / s e c  229 

5 2 

1828  4572 

1292 3232 

914 2286 

646 1616 

457 1143 

TABLE I 

P r o t o n  Larmor r a d i u s  ( i n  K i l o m e t e r s )  as  f u n c t i o n  of  p a r t i c l e  

Energy (or v e l o c i t y )  and magnet ic  f i e l d  s t r e n g t h  (gammas) 

The Larmor r a d i u s  is e q u a l  t o  o r  g r e a t e r  t h a n  t h e  s t a n d  of f  

d i s t a n c e  of 550 km.  of  t h e  shock  wave a t  t h e  s t a g n a t i o n  p o i n t  

t h a t  is o b t a i n e d  u s i n g  t h e  v a l u e  of R,/& 1.31 as measured 

i n  t h e  case oJ  t h e  E a r t h  ( N e s s  e t  a l ,  1964) . For t h e  case of  

a s p h e r e  Kel logg  (1962) u s i n g  H i d a ' s  (1953) a n a l y s i s  of a shock  

s u r r o u n d i n g  a s p h e r i c a l  o b j e c t  d e t e r m i n e d  t h e  s t a n d  o f f  r a t i o  

c 
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t o  be a p p r o x i m a t e l y  1 . 2 5  f o r  Mach v a l u e s  g r e a t e r  t h a n  4 .  I t  

may w e l l  be t h a t  i n  t h e  c a s e  of t h e  moon a c o l l i s i o n l e s s  shock  

wave ana logous  t o  t h e  E a r t h ' s  may n o t  deve lop  a t  a l l  t i m e s ,  i f  

i ndeed  a t  a l l .  Whether o r  n o t  such  a shock  d e v e l o p s  depends  v e r y  

c r i t i c a l l y  upon t h e  p h y s i c a l  pa rame te r s  i n  t h e  i n t e r p l a n e t a r y  

medium and t h e  s t a t e  of t h e  l u n a r  magnet ic  f i e l d .  T h i s  p o i n t  

has  a l so  been d i s c u s s e d  by Gold (1964) w i t h  r e g a r d  t o  t h e  

d i r e c t  p e n e t r a t i o n  of t h e  s o l a r  plasma i n t o  t h e  l u n a r  body. 

The d e t a i l e d  c h a r a c t e r i s t i c  of  t h e  l u n a r  s u r f a c e  and 

a tmosphere  are  s t r o n g l y  dependent  upon whether  o r  n o t  t h e  s u r f a c e  

is s h i e l d e d  from d i r e c t  impact of  t h e  so l a r  wind by e i t h e r  a l u n a r  

f i e l d  o r  a shock wave. S t u d i e s  on t h e s e  and r e l a t e d  l u n a r  s u r f a c e  

c h a r a c t e r i s t i c s  have been performed by B e r n s t e i n  e t  a1 (1963) ,  

Wehner e t  a1 (1963) ,  Hapke (1964) ,  Hin ton  and Taeusch (1964) 

and Kopal and Rackham (1964) .  

4 .0  O b s e r v a t i o n s  of a Lunar Magnetohydrodynamic Wake 

The IMP-1 magnet ic  f i e l d  expe r imen t  h a s  been d e s c r i b e d  

i n  an e a r l i e r  p u b l i c a t i o n  ( N e s s  e t  a l ,  1964) which s h o u l d  be 

c o n s u l t e d  f o r  d d e t a i l e d  d e s c r i p t i o n  of t h e  s a t e l l i t e ,  its 

o r b i t ,  t h e  i n s t r u m e n t a t i o n  and t e l e m e t r y  sys t em and t h e  generE.1 

c h a r a c t e r i s t i c s  of  t h e  i n t e r p l a n e t a r y  magnet ic  f i e l d .  I n  a d d i t i o n  

t h e  i n t e r a c t i o n  of  t h e  solar wind w i t h  t h e  geomagnet ic  f i e l d  is 

d i s c u s s e d .  I n  t h e  f o l l o w i n g  p r e s e n t a t i o n  t h e  p o s i t i o n s  o f  t h e  

s a t e l l i t e ,  e a r t h  and moon a r e  i n i t i a l l y  p r e s e n t e d  i n  t h e  s o l a r  

e c l i p t i c  c o o r d i n a t e  s y s t e m  d e f i n e d  as : Xse is t h e  a x i s  from 

t h e  E a r t h  t o  t h e  Sun, Zse is t h e  a x i s  normal t o  t h e  e c l i p t i c  
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c 

p l a n e  and  i n  t h e  same s e n s e  as  t h e  E a r t h ' s  a n g u l a r  momentum 

and Yse which forms a r i g h t  handed c o o r d i n a t e  system. A l l  

d i s t a n c e s  a r e  g i v e n  i n  u n i t s  o f  a n  E a r t h  r a d i u s  (Re = 6378.4 Km) 

a l t h o u g h  i n  t h e  f i n a l  i n t e r p r e t a t i o n  o f  t h e  data a t r a n s l a t i o n  

w i l l  be made t o  a l u n a r  a s s o c i a t e d  c o o r d i n a t e  s y s t e m  u s i n g  a 

sca le  i n  Mom r a d i i  (Rm = 1738 Km) 

The p o s i t i o n s  o f t h e  Moon and IMP-1 d u r i n g  D e c e m b e r  1963 

are shown in  F i g u r e  2 as p r o j e c t e d  on t h e  p l a n e  of t h e  e c l i p t i c .  

The so la r  w i n d  d i r e c t i o n  h a s  b2en a d j u s t e d  t o  a p p e a r  t o  come 

from 5 O  w e s t  of t h e  Sun i n  order t o  r e p r e s e n t  t h e  a b e r r a t i o n  

e f f e c t  due t o  t h e  h e l i o c e n t r i c  motion o f  t h e  E a r t h .  The o rb i t a l  

v e l o c i t y  of t h e  E a r t h  is 30 K m / s e c  a n d  f o r  a so la r  wind v e l o c i t y  

o f  a p p r o x i m a t e l y  330 K m / s e c  t h e  a n g u l a r  d i s p l a c e m e n t  is 5 . N e s s  

a n d  Wilcox (1964) have d e t e r m i n e d  f r o m  a c o r r e l a t i o n  o f  t h e  

solar  p h o t o s p h e r i c  magnet ic  f i e l d  and  t h e  i n t e r p i a n e t a r y  f i e l d  

a s  measured on IMP-1 t h a t  t h e  a v e r a g e  so l a r  wind v e l o c i t y  w a s  

approximate ly  385 K m / s e c  d u r i n g  t h e  t i m e  i n t e r v a l  November 2 7 ,  

1963 t o  February 1 9 ,  1964. Thus t h e  c o r r e c t i o n  f o r  a 5 O  

a b e r r a t i o n  is s l i g h t l y  l a r g e r  t h a n  would be j u s t i f i e d  on t h e  

bas i s  o f  e x p e r i m e n t a l  d a t a .  The p r o j e c t e d  t races  of t h e  a v e r a g e  

p o s i t i o n  o f  t h e  magnetopause and shock  wave b o u n d a r i e s  are a l so  

i n c l u d e d  i n  t h e  f i g u r e  i n  order t o  show when t h e  s a t e l l i t e  w a s  

o u t s i d e  o f  t h e s e  b o u n d a r i e s  and  w i t h i n  t h e  r e l a t i v e l y  u n d i s t u r b e d  

i n t e r p l a n e t a r y  medium. I t  is s e e n  t h a t  on December 1 4  t h e  

s a t e l l i t e  was close t o  apogee a n d  a p p r o x i m a t e l y  i n  l i n e  w i t h  

0 

t h e  Moon with r e s p e c t  t o  t h e  p r o p a g a t i o n  of t h e  so la r  wind. 

t 
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T h i s  is a measure o n l y  i n  t h e  XY p l a n e  however,  and does  n o t  

i n c l u d e  t h e  d i s t a n c e  of t h e  s a t e l l i t e  e i t h e r  above or below 

t h e  Sun-Moon l i n e .  

I n  F i g u r e  3 t h e  p o s i t i o n s  of  t h e  s a t e l l i t e  and t h e  Moon 

d u r i n g  t h e  same t i m e  i n t e r v a l  are shown p r o j e c t e d  o n t o  t h e  

p l a n e  p e r p e n d i c u l a r  t o  t h e  Xse a x i s .  

E a r t h  r a d i i  b z l o w  t h e  Moon d u r i n g  t h e  e n t i r e  p e r i o d  of i n t e r e s t ,  

December 14-15. The l o c a t i o n  of t h e  s a t e l l i t e  w i t h  r e s p e c t  t o  

t h e  Moon a s  a f u n c t i o n  of  t ime is summarized i n  F i g u r e  4.  The 

two a n g l e s  X and X a r e  i n t r o d u c e d  as  a measure of 

t h e  a p p a r e n t  a n g u l a r  d i sp l acemen t  of t h e  Moon w i t h  r e s p e c t  t o  

t h e  s a t e l l i t e  a s  p r o j e c t e d  on to  t h e  XY and YZ p l a n e s  

r e s p e c t i v e l y .  The q u a n t i t y  D m e a s u r e s  t h e  p r o j e c t e d  d i s t a n c e  

i n  t h e  YZ p l a n e ,  Dsm m e a s u r e s  t h e  d i s t a n c e  from t h e  s a t e l l i t e  

t o  t h e  Moon and D 

p l a n e  which h a s  been r o t a t e d  by so West s o  as  t o  be p e r p e n d i c u l a r  

t o  t h e  a b e r r a t e d  s o l a r  wind, These p a r a m e t e r s  show t h a t  on 

December 1 4  a t  approx ima te ly  0915 t h e  s a t e l l i t e  was c l o s e  t o  

b e i n g  immedia te ly  behind  t h e  Moon, A t  t h i s  t i m e  t h e  s a t e l l i t e  

w a s  37.8 R 

The a b e r r a t i o n  of  t h e  s o l a r  wind by 5 O  leads t o  a change i n  t h e  

a l ignmen t  of t h e  s a t e l l i t e  with r e g a r d  t o  t h e  Moon and so la r  wind 

as shown by t h e  dashed c u r v e  i n  F i g u r e  4. The t i m e  a t  which t h e  

s a t e l l i t e  is c loses t  t o  be ing  a l i g n e d  w i t h  t h e  Moon-Sun d i r e c t i o n  

o c c u r s  s e v e r a l  h o u r s  i n  advance of t h e  non-abe r ra t ed  case a l t h o u g h  

t h e  d i s t a n c e  is approx ima te ly  t h e  same. On t h e  b a s i s  of  t h e s e  

d a t a  t h e  most p r o b a b l e  t i m e  f o r  t h e  o b s e r v a t i o n  of  s o l a r  wind 

i n t e r a c t i o n s  w i t h  t h e  l u n a r  body would be c e n t e r e d  a round 0900 

The s a t e l l i t e  w a s  several  

XY YZ 

YZ 

' z  measures t h e  d i s t a n c e  p r o j e c t e d . o n t o  a YZ 
Y 

from t h e  Moon and 8.7 Re below t h e  Sun-Moon l i n e .  e 
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December 14 ,  on t h e  a s sumpt ion  t h a t  t h e  l u n a r  wake e x t e n d e d  i n  

t h e  g e n e r a l  f l ow d i r e c t i o n  beh ind  t h e  Moon. 

The 5 .46  minute  a v e r a g e s  of  t h e  magnet ic  f i e l d  o b t a i n e d  by 

t h i s  exper iment  f o r  t h e  t i m e  i n t e r v a l  1600 D e c e m b e r  13 t o  1600 

December 15  are  shown i n  F i g u r e s  5 and 6. The f o r m a t  f o r  t h e  

p r e s e n t a t i o n  is i d e n t i c a l  t o  t h a t  u s e d  by N e s s  e t  a1 (1964) .  

The t w o  a n g l e s  8 and 9 measured t h e  l a t i t u d e  and l o n g i t u d e  

r e s p e c t i v e l y  of t h e  magnet ic  f i e l d  v e c t o r  i n  t h e  solar  e c l i p t i c  

c o o r d i n a t e  sys tem.  I n  f i g u r e  5 t h e  f i rs t  9 h o u r s  o f  data show 

t h e  c h a r a c t e r i s t i c  behav io r  of  t h e  i n t e r p l a n e t a r y  magne t i c  f i e l d  

w i t h  a s t a b l e  o r i e n t a t i o n  and magnitude.  A t  t h i s  t i m e  t h e  

magnet ic  f i e l d  w a s  d i r e c t e d  a p p r o x i m a t e l y  i n  t h e  p l a n e  of t h e  

e c l i p t i c  ( 8 = 0 + - 30 ) and p o i n t e d  back toward t h e  Sun a l o n g  

t h e  Archimedian s p i r a l  a n g l e  p r e d i c t e d  f o r  t h e  i n t e r p l a n e t a r y  f i e l d  

( + = 315O + - 20°). During  t h i s  t i m e  t h e  s a t e l l i t e  is close 

t o  apogee ,  ( g e o c e n t r i c  d i s t a n c e  = 31.7 Re) and far  removed from 

any d i r e c t  e f f e c t s  of t h e  s o l a r  wind i n t e r a c t i o n  w i t h  t h e  E a r t h .  

A s  t i m e  p r o g r e s s e s  t h e  f i e l d  becomes v a r i a b l e  i n  b o t h  magnitude 

and  d i r e c t i o n .  The o n s e t  o f  t h i s  t u r b u l e n c e  o c c u r s  a t  a p p r o x i m a t e l y  

0130 December 1 4 ,  and p e r s i s t s  u n t i l  0900 December 15. Midway i n  

t h i s  t i m e  i n t e r v a l  t h e  f i e l d  magnitude r e a c h e s  t h e  anomalous ly  

l a r g e  v a l u e  of abou t  15 gammas f o r  m o r e  t h a n  3 h o u r s ,  f r o m  1800- 

2100 December 1 4 ,  w h i l e  t h e  t u r b u l e n t  c h a r a c t e r i s t i c s  of  t h e  

f i e l d  as measured by t h e  a n g l e  + n o t i c e a b l y  decreases. Fo l lowing  

0900 December 1 5  t h e  magnet ic  f i e l d  a g a i n  resumes  i ts  

c h a r a c t e r i s t i c  s t a b l e  c o n f i g u r a t i o n  a l t h o u g h  i t  is n o t  a s  s t a b l e  

as  it w a s  p r i o r  t o  t h e s e  e v e n t s .  

0 

c 
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Superimposed o n  t h e  t i m e  p l o t s  are s p e c i f i c  v a l u e s  of  

p a r a m e t e r s  r e l a t e d  t o  t h e  p o s i t i o n  of t h e  s a t e l l i t e  w i t h  

r e s p e c t  t o  t h e  Moon. I t  shou ld  be no ted  t h a t  when t h e  s a t e l l i t e  

is c l o s e s t  t o  b e i n g  i n  l i n e  ( 

n o t  n e c e s s a r i l y  a t  a minimum. Indeed  t h e  minimum v a l u e  of  D 

o c c u r s  a t  1830 December 14 and is approx ima te ly  t h e  same t i m e  

as  t h e  midpo in t  of t h e  t i m e  i n t e r v a l  d u r i n g  which the t u r b u l e n t  

magnet ic  f i e l d  o b s e r v a t i o n s  were made. The c loses t  a b e r r a t e d  

d i s t a n c e ,  D = 9.3 Re,  o c c u r s  a t  0840. The c h a r a c t e r i s t i c s  

of  t h e  magnet ic  f i e l d  d u r i n g  t h i s  t i m e  i n t e r v a l  are u n l i k e  

t h o s e  d u r i n g  o t h e r  o c c a s i o n s  on which t h e  s a t e l l i t e  w a s  i n  t h e  

i n t e r p l a n e t a r y  medium. The t u r b u l e n c e  and l a r g e  f i e l d  v a l u e s ,  

a s  w e l l  a s  t h e  o r i e n t a t i o n  d u r i n g  t h e  t i m e  of  large f i e l d  

magni tudes  s u g g e s t  t h a t  t h e  IMP-1 s a t e l l i t e  p a s s e d  th rough  t h e  

t u r b u l e n t  lee  wake of t h e  Moon i n  t h e  solar wind. The s t r o n g  

f i e l d s  obse rved  co r re spond  t o  t h e  magnetosphere of  t h e  Moon and 

t h e  t u r b u l e n t  P i e l d s  t o  t h e  t r a n s i t i o n  r e g i o n  between t h e  l u n a r  

magnetosphere and t h e  u n d i s t u r b e d  i n t e r p l a n e t a r y  medium. 

X xy = 0) t h e  d i s t a n c e  Dyz is 

YZ 

Y 'Z 

I n  F i g u r e  7 t h e  p o s i t i o n s  o f  IMP-1 and t h e  Moon d u r i n g  

J a n u a r y  1964 are shown a s  p r o j e c t e d  o n t o  t h e  e c l i p t i c  p l a n e .  

T h i s  p r e s e n t a t i o n  is i d e n t i c a l  t o  t h a t  f o r  Dxember  as  shown 

i n  F i g u r e  2 .  H e r e ,  however, t h e  r e l a t i v e  p o s i t i o n s  of t h e  

s a t e l l i t e  and t h e  Moon are  seen t o  be q u i t e  d i f f e r e n t .  The 

t i m e  a t  which IMP-1 i s  rough ly  a l i g n e d  w i t h  t h e  Moon o c c u r s  a t  

0730 January  13 b u t  a t  t h i s  t i m e  t h e  s a t e l l i t e  is e n c l o s e d  w i t h i n  

t h e  E a r t h ' s  shock  wave. F igu re  8 p r e s e n t s  t h e  r e l a t i v e  p o s i t i o n s  

of  IMP-1 and t h e  Moon a s  p r o j e c t e d  o n t o  t h e  YZ p l a n e .  The 
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s a t e l l i t e  is abou t  i n  t h e  same p o s i t i o n  r e l a t i v e  t o  t h e  p l a n e  

o f  t h e  e c l i p t i c  as i n  December b u t  t h e  Mom is c o n s i d e r a b l y  

lower ,  A summary of t h e  r e l e v a n t  p o s i t i o n  p a r a m e t e r s  r e l a t ed  t o  

t h e  r e l a t i v e  p o s i t i o n s  o f  IMP-1 and  t h e  Moon is g i v e n  i n  

F i g u r e  9 ,  The format  is i d e n t i c a l  t o  t h a t  of F i g u r e  4 and 

i l l u s t r a t e s  t h a t  d u r i n g  t h e  1 3 t h  o r b i t  when t h e  s a t e l l i t e  w a s  

i n  t h e  l e e  of t h e  Moon it  w a s  a l so  w i t h i n  t h e  r e g i o n  of space 

s u r r o u n d i n g  t h e  E a r t h  e n c l o s e d  by t h e  shock  wave s u r f a c e .  The 

t i m e  a t  which t h e  E a r t h ' s  shock  wave w a s  t raversed by  t h e  

s a t e l l i t e  is i n d i c a t e d  by t h e  s o l i d  v e r t i c a l  l i n e .  I t  o c c u r r e d  

s e v e r a l  h o u r s  a f t e r  t h e  s a t e l l i t e  w a s  a l i g n e d  w i t h  t h e  Moon and  

t h e  Sun. The s i t u a t i o n  w i t h  r e s p e c t  t o  t h e  aberrated so la r  

wind d i r e c t i o n  does  n o t  f a v o r  t h e  o b s e r v a t i o n  of a l u n a r  wake 

s i n c e  t h e  s a t e l l i t e  is s e e n  t o  spend  a l o n g e r  t i m e  w i t h i n  t h e  

r e g i o n  o f  s p a c e  associated w i t h  t h e  so la r  wind i n t e r a c t i o n  w i t h  

t h e  geomagnet ic  f i e l d .  Thus t h e  s a t e l l i t e  motion i n  t h e  month 

of J a n u a r y  1964,  was s u c h  a s  t o  p r e c l u d e  b e i n g  i l l  a f a v o r a b l e  

p o s i t i o n  w i t h  r e s p e c t  t o  o b s e r v a t i o n  of t h e  l u n a r  wake. I n  s p i t e  

of t h i s  t h e  i n t e r p l a n e t a r y  magne t i c  f i e l d  data f o r  J a n u a r y  13 

and 1 4  h a s  been i n s p e c t e d  i n  d e t a i l  s i n c e  t h e  D e c e m b e r  

o b s e r v a t i o n  ex tended  o v e r  a t i m e  p e r i o d  o f  more t h a n  one  day .  

I t  h a s  n o t  d i s c l o s e d  any  c h a r a c t e r i s t i c s  which are s u g g e s t i v e  of 

a l u n a r  w a k e ,  e i t h e r  i n  t u r b u l e n c e  o r  f i e l d  magni tude .  

The l a s t  o p p o r t u n i t y  f o r  o b s e r v a t i o n  of t h e  l u n a r  wake w i t h  I M P 1  

o c c u r r e d  i n  F e b r u a r y  1964 d u r i n g  o r b i t  20.  On t h e  s u c c e e d i n g  

o p p o r t u n i t i e s  for wake o b s e r v a t i o n s  d u r i n g  t h e  n e x t  s i x  months ,  
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t h e  IMP-1 s a t e l l i t e  w a s  e n c l o s e d  c o x p l e t e l y  w i t h i n  t h e  

i n t e r a c t i o n  r e g i o n  o f  t h e  so la r  wind w i t h  t h e  geomagnet ic  f i e l d .  

The s t e a d y  p r e c e s s i o n a l  motion o f  t h e  IMP-1 o r b i t  i n  t h e  solar  

1- e c l i p t i c  c o o r d i n a t e  syste.ti is  e v i d e n t  by comparing F i g u r e  10 f o r  

Februa ry  1964 w i t h  t h a t  of  F igu re  2 f o r  December 1963. The 

-- - r e l a t i v e  p o s i t i o n s  of IMP-1 and t h e  Moon i n  Februa ry  are such  

t h a t  t h e y  a re  approx ima te ly  a l i g n e d  a t  0020 Februa ry  11. The 

p o s i t i o n  of  t h e s e  t w o  objects  i n  Februa ry  p r o j e c t e d  o n t o  t h e  

YZ p l a n e  is shown i n  F i g u r e  11. Both t h e  e l o n g a t i o n  o f  t h e  

IMP-1 o r b i t  r e l a t i v e  t o  F i g u r e s  3 and 8 and the  l o c a t i o n  of t h e  

_ _  

Moon below t h e  e c l i p t i c  p l a n e  a re  a r e s u l t  o f  t h e  h e l i o c e n t r i c  

motion o f  t h e  E a r t h  a b o u t  t h e  Sun. I t  c a n  be s e e n  from t h i s  

f i g u r e ,  however, t h a t  the  two ob jec t s  are v e r y  c lose  t o  b e i n g  

i n  p r e c i s e  a l ignmen t .  F i g u r e  1 2  summarizes t h e  r e l a t i v e  p o s i t i o n s  

o f  IMP-1 and t h e  Moon a s  a f u n c t i o n  o f  t i m e  i n  a fo rma t  i d e n t i c a l  

t o  t h a t  u sed  f o r  F i g u r e s  4 and 9 .  The d i s t a n c e  from t h e  

s a t e l l i t e  t o  t h e  Moon is seen  t o  have  i n c r e a s e d  now t o  57.9 Re 

w h i l e  t h e  minimum v a l u e  f o r  t h e  d i s t a n c e  i n  t h e  YZ p l a n e  is 

1 . 7  Re.  

o f  3 .7  Re o c c u r s  a t  1640 February  10. 
Y 'Z For t h e  a b e r r a t e d  s o l a r  wind t h e  c loses t  d i s t a n c e  D 

The magnet ic  f i e l d  d a t a  f o r  t h e  t i m e  i n t e r v a l  0430 F e b r u a r y  

10 t o  0430 Februa ry  1 2  is shown i n  F i g u r e  13 and 14 .  The d a t a  i n  

F i g u r e  13 i l l u s t r a t e s  t h e  outbound t r a v e r s a l  of  t h e  shock  wave 

a s s o c i a t e d  w i t h  t h e  E a r t h ' s  magnetosphere a t  a d i s t a n c e  of 30.3 Re 

a t  0958 Februa ry  10 .  The c h a r a c t e r i s t i c  of  large t u r b u l e n t  

f i e l d s  i n  t h e  t r a n s i t i o n  r e g i o n  is c l e a r l y  e v i d e n c e d ,  A l s o  
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shown and t o  be d i s c u s s e d  i n  a f u t u r e  s e p a r a t e  p u b l i c a t i o n  on 

t h e  magnet ic  f i e l d  c h a r a c t e r i s t i c s  i n  t h e  t r a n s i t i o n  r e g i o n  is 

t h e  compressed and r e a s o n a b l y  w e l l  a l i g n e d  magnet ic  f i e l d  such 

as  were f i r s t  observed  by E x p l o r e r  X (Heppner e t  a l ,  1963) 

The a b r u p t n e s s  of t h e  shock  boundary,  as  shown by t h e  v a r i a n c e  

p l o t ,  is a p e r s i s t e n t  f e a t u r e  o f  t h e  shock  phenomena i n  which t h e  

t h i c k n e s s  is s m a l l  and comparable  w i t h  t h e  i o n  g y r o - r a d i u s .  

Subsequent  t o  t h e  outbound shock  wave t r a v e r s a l  t h e  magnet ic  

f i e l d  i n  i n t e r p l a n e t a r y  s p a c e  is somewhat v a r i a b l e  i n  d i r e c t i o n  

as  measured by 8 and t$ b u t  i s  n o t  t u r b u l e n t  i n  t h e  s a m e  s e n s e  

a s  i n  t h e  t r a n s i t i o n  r e g i o n  as measured by t h e  v a r i a n c e  

c h a r a c t e r i s t i c s .  However, d u r i n g  t h e  t i m e  i n t e r v a l  0400 t o  

1200 February  11 t h e r e  is a s m a l l  i n c r e a s e  above t h e  n o i s e  l e v e l  

i n  t h e  t u r b u l e n c e  as  measured by t h e  

v a r i a n c e .  A t  t h e  same t i m e  t h e  v a r i a b i l i t y  between s u c c e s s i v e  

v a l u e s  o f  8 and t$ is i n c r e a s e d .  However, d u r i n g  t h e  t i m e  

i n t e r v a l  while  t h e  v a r i a n c e  is h i g h e r  t h a n  t h e  n o i s e  l e v e l ,  t h e  

f i e l d  is a t  its lowest v a l u e ,  l e s s  t h a n  3 gammas, d u r i n g  t h i s  

sample of t h e  i n t e r p l a n e t a r y  medium on o r b i t  N o .  20. 

F i g u r e  1 4  c o n t a i n s  t h e  remainder  o f  t h e  i n t e r p l a n e t a r y  

magnet ic  f i e l d  data o b s e r v e d  on o r b i t  20 and  a l s o  i l l u s t r a t e s  

t h e  inbound t r a v e r s a l  of t h e  E a r t h ' s  shock  wave by t h e  IMP-1 

s a t e l l i t e .  Again t h e  c h a r a c t e r i s t i c s  a f  t h e  t r a n s i t i o n  r e g i o n  

on theinbound p a s s  are q u i t e  s i m i l a r  t o  t h o s e  o b s e r v e d  on t h e  

outbound t r a v e r s a l  a l t h o u g h  t h e y  o c c u r  a t  a d i f f e r e n t  g e o c e n t r i c  

d i s t a n c e ,  23.6 R e ,  w i t h  a s u g g e s t i o n  o f  a " p r e c u r s o r "  a t  24.3 Re. 

, 
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The n o n s p h e r i c a l  symmetry of t h e  shock  wave s u r f a c e  e n c l o s i n g  

t h e  E a r t h  coup led  w i t h  t h e  f a c t  t h a t  t h e  s a t e l l i t e  t r a v e r s e s  

t h e s e  b o u n d a r i e s  a t  c o n s i d e r a b l y  d i f f e r e n t  s a t e l l i t e - e a r t h - s u n  

a n g l e s  on s u c c e s s i v e  t r a n s i t s  l e a d s  t o  t h e s e  d i f f e r e n c e s .  

Throughout t h e  t i m e  i n t e r v a l  d u r i n g  which t h e  i n t e r p l a n e t a r y  

medium w a s  sampled ,  f e a t u r e s  similar t o  t h e  December 1963 

o b s e r v a t i o n  c a n  n o t  be s e e n .  A t  t h i s  t i m e  it is s u g g e s t e d  t h a t  

t h e  l’etjruarY 1964 d a t a  show c h a r a c t e r i s t i c s  which are  s imilar  

i n  some r e s p e c t s  b u t  are n o t  as  c o n c l u s i v e  an e v i d e n c e  of a 

l u n a r  wake as obse rved  i n  December 1963. 

5 . 0  F l u i d  Dynamic C o n s i d e r a t i o n s  

The c l a s s i c a l  magnetohydrodynamic problem of t h e  i n t e r a c t i o n  

of a s p h e r i c a l  o b j e c t  w i th  a conduc t ing  f l u i d  i n  t h e  p r e s e n c e  

of a magnet ic  f i e l d  h a s  been t r e a t e d  by S t e w a r t s o n  (1956) ,  I m a i  

(1960) and Ludford and Murray (1960) among o t h e r s .  For  t h e  case 

of e i t h e r  c o m p r e s s i b l e  or i n c o m p r e s s i b l e  f l u i d  f l o w  a downstream 

wake a l w a y s  deve lops  f o r  l a r g e  or s m a l l  magnet ic  Reynolds  

numbers as  l o n g  a s  t h e  magnet ic  f i e l d  s t r e n g t h  is s m a l l  ( S e a r s  

(1968)). T h i s  is measured by t h e  r a t i o  o f  f r e e  stream v e l o c i t y  

(V,) t o  t h e  p u r e  Alfven  v e l o c i t y  (V,) or t h e  geomet r i c  mean 

(Va*) o f  t h e  Al fven  and sound v e l o c i t i e s .  

Vs /Va* ,  m u s t  be g r e a t e r  t han  u n i t y  jn o r d e r  t h a t  a l ee  wake 

d e v e l o p  and e f f e c t i v e l y  de t e rmines  whether  or n o t  t h e  p r e s e n c e  

of t h e  body i n  t h e  f low f i e l d  can  be communicated ups t r eam by 

magnetohydrodynamic wave p ropaga t ion .  A major l i m i t a t i o n  i n  t h e  

q u a n t i t a t i v e  u s e  of t h e  p r e s e n t l y  a v a i l a b l e  a n a l y t i c a l  t r e a t m e n t s  

/ 

/ 
T h i s  r a t i o ,  V s / V a  or 
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is t h a t  t hey  employ r e s t r i c t i v e  a s s u m p t i o n s  which are n o t  

j u s t i f i e d  i n  t h e  case of t h e  i n t e r a c t i o n  o f  t h e  so l a r  wind 

w i t h  t h e  Moon. I n  g e n e r a l  t h e s e  i n c l u d e  one or  a l l  o f  t h e  

f o l l o w i n g :  i n f i n i t e l y  c o n d u c t i n g  f l u i d ,  magnet ic  f i e l d s  

a l i g n e d  with t h e  f l o w  v e l o c i t y ,  nonconduct ing  or  i n f i n i t e l y  

c o n d u c t i n g  body, and c o l l i s i o n  mean f r e e  p a t h s  much smaller 

than  o t h e r  l e n g t h s  c h a r a c t e r i s t i c  of t h e  f low.  The case o f  

t h e  Moon i n  t h e  so la r  wind s a t i s f i e s  few o f  t h e s e  a s s u m p t i o n s  

and  t h u s  d i r e c t  compar isons  are  n o t  p o s s i b l e .  F u r t h e r  development 

of a n a l y t i c a l  s t u d i e s  on c o l l i s i o n l e s s  magnetohydrodynamic 

shocks  (see r e v i e w  b y  K a n t r o w i t z  and P e t s c h e k  (1964)) is r e q u i r e d  

f o r  a p p l i c a t i o n  t o  t h e  p r e s e n t  problem. 

I n  t h e  case of t h e  i n t e r a c t i o n  of t h e  so la r  wind w i t h  

t h e  geomagnetic f i e l d  r a t h e r  s u c c e s s f u l  r e s u l t s ,  a t  least  n e a r  

t h e  s t a g n a t i o n  p D i n t ,  have been o b t a i n e d  t h r o u g h  u s e  o f  a 

pu re  f l u i d  dynamic a n a l o g y .  A g e n e r a l  r e v i e w  o f  t h e  u s e  o f  t h e  

aerodynamic s i m i l i t u d e  and its a p p l i c a t i o n  t o  t h e  so la r  wind 

i n t e r a c t i o n  w i t h  t h e  E a r t h ' s  magnet ic  f i e l d  has been g i v e n  by 

Levy e t  a1 (1964) and Lees  (1964) On t h i s  b a s i s  an  i m p o r t a n t  

a s p e c t  of t h e  i n t e r p r e t a t i o n  o f  t h e  magnet ic  f i e l d  d a t a  on IMP-1 

is  t h a t  t h e  f r e e  s t r e a m  Mach number c a n  p r o v i d e  a measure of 

t h e  a n g u l a r  wid th  o f  t h e  shock  s u r f a c e  a s s o c i a t e d  w i t h  t h e  

i n t e r a c t i o n .  (Michel (1964) h a s  t r e a t e d  t h i s  problem assuming 

comple te  magnetohydrodynamic f l o w  of t h e  so l a r  wind.) 

However , t h e  d e t a i l e d  c h a r a c t e r i s t i c s  w i t h i n  t h e  i n t e r a c t i o n  

r e g i o n  and more i m p o r t a n t l y  t h e  wake r e g i o n  may n o t  be 

s p e c i f i e d .  

c o m p l e t e l y  

The Mach number i n  t h e  case o f  t h e  solar wind 1s 

I 
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measured by t h e  r a t i o  of the  plasma b u l k  v e l o c i t y  (V,) t o  t h e  

magnetohydrodynamic wave phase v e l o c i t y  (V,) I n  t h e  i n t e r -  

p l a n e t a r y  medium t h e  v e l o c i t y  Va is approx ima te ly  g i v e n  by 

t h e  Alfvgn v e l o c i t y  s o  t h a t  t h e  Mach number is g i v e n  by 

VS vs 6 
M a =  - = 

Va B 

where B is t h e  s t r e n g t h  of t h e  i n t e r p l a n e t a r y  f i e l d .  

A p l o t  o f  t h e  Alfven  v e l o c i t y  as a f u n c t i o n  of  t h e  plasma 

d e n s i t y  and magnet ic  f i e l d  s t r e n g t h  is shown i n  F i g u r e  15. 

From c l a s s i c a l  SuPer son ic  f low (Hayes and P r o b s t e i n ,  (1959)) 

t h e  Mach a n g l e  p associated wi th  a s p e c i f i c  Mach number is 

g i v e n  by 

and r e p r e s e n t s  t h e  a sympto t i c  d i r e c t i o n  o f  t h e  shock s u r f a c e s  

f a r  downstream from t h e  o b s t r u c t i o n .  The Mach a n g l e  is p l o t t e d  

i n  F i g u r e  1 6  a s  a f u n c t i o n  of t h e  Mach number. 

The a v e r a g e  magnet ic  f i e l d  i n  t h e  i n t e r p l a n e t a r y  medium 

h a s  been de te rmined  by t h e  IMP-1 measurements t o  be 5.0 gammas. 

The a v e r a g e  so la r  wind v e l o c i t y  h a s  been e s t i m a t e d  t o  be 

approx ima te ly  385 Km. Using t h e s e  a v e r a g e  v a l u e s  f o r  t h e  magnet ic  

f i e l d  and so la r  wind v e l o c i t y  and assuming a plasma d e n s i t y  

between 1.5 t o  35 p/cm3 y i e l d s  a Mach number between 4 and 20. 
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For t h e s e  two v a l u e s  of Mach number t h e  l i m i t s  on  t h e  Mach 

a n g l e  are 14,5O and 2 . 8 O  r e s p e c t i v e l y .  

Obayashi (1964) ,  i n  a r e v i e w  o f  p r e v i o u s  s a t e l l i t e  

measurements r e l a t e d  t o  t h e  s D l a r  wind i n t e r a c t i o n ,  h a s  

a d a p t e d  c l a s s i c a l  hydrodynamic e q u a t i o n s  f o r  a p p r o x i m a t i n g  t h e  

geometry of t h e  shock s u r f a c e  s u r r o u n d i n g  a s p h e r i c a l  object .  

D e f i n i n g :  

Rs = t h e  r a d i a l  d i s t a n c e  t o  t h e  shock  from t h e  c e n t e r  

o f  t h e  s p h e r e  a t  t h e  s t a g n a t i o n  p o i n t  

R = t h e  r a d i a l  d i s t a n c e  t o  t h e  shock  s u r f a c e  

t#a = t h e  a n g l e  between R and R,, t h e n  he  deduces  t h a t  : 

R = R, I + S E C @  
I + S E C P  COS 0 ( 5 . 3 )  

A t r a n s l a t i o n  of t h e  p o s i t i o n  o f  t h e  IMP-1 s a t e l l i t e  t o  

a l u n a r  s e t  of c o o r d i n a t e s  h a s  been made f o r  t h e  p e r t i n e n t  t i m e  

p e r i o d s  i n  December 1963 and  F e b r u a r y  1964. The p o s i t i o n  of 

t h e  s a t e l l i t e  i n  t h e s e  l u n a r  a s s o c i a t e d  c o o r d i n a t e s  is shown 

i n  F i g u r e  17 wi th  t h e  abscissa  b e i n g  g i v e n  by D 

where 
XY 

or D ' 
XY 
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and t h e  o r d i n a t e  by Dyz or D 

a s s u m e s  t h a t  f a r  down stream from t h e  Moon t h e  l u n a r  wake r e g i o n  

is c y l i n d r i c a l l y  symmetr ica l  abou t  t h e  so la r  wind f low d i r e c t i o n .  

Superimposed on t h e s e  t r a j e c t o r y  p o s i t i o n s  are t h e  t w o  shock 

s u r f a c e s  c o r r e s p o n d i n g  t o  Mach numbers 4 and 20. These s u r f a c e s  

assume t h a t  t h e  l u n a r  magnet ic  f i e l d  s t r e n g t h  is i n h e r e n t l y  l e s s  

than  a few hundred gammas and t h a t  t h e  shock  s t a n d  o f f  r a t i o  

R J R m  

number is less t h a n  a b o u t  10 t h e n  t h e  p o s i t i o n  of  t h e  s a t e l l i t e  

i n  December 1963 is w e l l  w i t h i n  t h e  shock  r e g i o n  of t h e  l u n a r  

wake. I f  t h e  Mach number of t h e  f low is less  t h a n  abou t  40 then  

t h e  s a t e l l i t e  is w i t h i n  t h e  shock f o r  F e b r u a r y  1964. 

. T h i s  p r e s e n t a t i o n  e s s e n t i a l l y  
Yqz 

= 1 .25 .  I t  is seen  t h a t  i f  t h e  f l o w  is such  t h a t  t h e  Mach 

The d e t e c t i o n  of  a l u n a r  wake is d e f i n i t e l y  c o n s i s t e n t  w i t h  

s u p e r s o n i c  f l o w  t h e o r y  f o r  t h e  o r b i t  N o .  5 o b s e r v a t i o n  and 

w i t h  t h e  o r b i t  20 o b s e r v a t i o n .  However, even though t h e  wake 

w a s  p o s s i b l y  obse rved  i n  December 1963, t h e  i n t e r a c t i o n  of t h e  

so l a r  wind w i t h  t h e  Moon is p robab ly  so v a r i a b l e  t h a t  

a p p r o p r i a t e  i n t e r p l a n e t a r y  c o n d i t i o n s  i n  t h e  v i c i n i t y  of t h e  

Moon are r e q u i r e d  i n  o r d e r  t o  i n i t i a t e  t h e  f o r m a t i o n  of a 

c o l l i s i o n l e s s  magnetohydrodynamic shock .  Indeed  u s i n g  t h e  

a v e r a g e  v e l o c i t y  of 385 km/sec and t h e  a v e r a g e  f i e l d  s t r e n g t h  

of 5 gammas l e a d s  t o  a p ro ton  Larmor r a d i u s  of 830 Km. T h i s  

i m p l i e s  t h a t  on a v e r a g e  t h e  shock wave r a d i u s  assumed f o r  t h e  

Moon, 2173 Km, is o n l y  2 . 6  t i m e s  t h i s  c r i t i c a l  v a l u e .  The s t a n d  

o f f  d i s t a n c e  is abou t  430 Km so t h a t  a s  p r e v i o u s l y  n o t e d  it is 

somewhat q u e s t i o n a b l e  whether it l u n a r  shock  can  develop  t h a t  is 
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s i m i l a r  t o  t h e  case o f  t h e  E a r t h .  I n  t h e  case of t h e  E a r t h  

t h e  v a l u e s  of t h e  p a r a m e t e r s  are such  t h a t  t h e  r a d i u s  of the 

shock  s u r f a c e  a t  t h e  s t a g n a t i o n  p o i n t  is m o r e  t h a n  100 t i m e s  

t h e  p r o t o n  Larmor r a d i u s .  I f  one c o n s i d e r s  t h e  f i e l d  i n t e r n a l  

t o  t h e  magnetosphere t h e  r a d i u s  of t h e  magnetosphere is s o m e  

500 t i m e s  t h e  p r o t o n  gyro r a d i u s  s i n c e  t h e  magne t i c  f i e l d  is 

50 g a m m a s  or g r e a t e r  a t  t h e  magnetopause boundary. 

6.0 Kp and R e l a t e d  S t u d i e s  

During t h e  t h r e e  month i n t e r v a l ,  D e c e m b e r  1963 t o  F e b r u a r y  

1964, solar c o n d i t i o n s  w e r e  r e a s o n a b l y  u n d i s t u r b e d .  A geo- 

magnetic s t o r m  obse rved  on D e c e m b e r  2 ,  1963, a t  2117 UT w a s  a lso 

measured i n  i n t e r p l a n e t a r y  s p a c e  by t h e  magnet ic  f i e l d  exper iment  

( N e s s  e t  a l ,  1964) e During  t h e  remainder  of  t h e  i n t e r v a l  

however,  t e r r e s t r i a l  magne t i c  a c t i v i t y  as measured by t h e  

p l a n e t a r y  index  Kp w a s  g e n e r a l l y  l o w .  Because t h e  solar-  

t e r r e s t r i a l  c o n d i t i o n s  w e r e  r e l a t i v e l y  q u i e s c e n t  t h o s e  d i s t u r -  

bances  which w e r e  obse rved  and i d e n t i f i e d  a s  t h e  l u n a r  wake 

have n o t  been a s s o c i a t e d  w i t h  any  s o l a r  o r i g i n  t h a t  might  c a u s e  

t h e s e  v a r i a b l e  p r o p e r t i e s  o f  t h e  i n t e r p l a n e t a r y  medium. 

Recent  s t u d i e s  ( B e l l  and Defouw, 1964;  Davidson and Martyn,  

P 1964: Michel e t  a l ,  1964;  S t o l o v  and Cameron, 1964) on K 

have been d i r e c t e d  t o  a r e s o l u t i o n  of t h e  i m p o r t a n t  q u e s t i o n  

r a i s e d  by t h e  work of Bigg (1963a, b ;  1964) on l u n a r  i n f l u e n c e s  

on geomagnetic a c t i v i t y  w i t h  a s y n o d i c  p e r i o d  of  29.53 d a y s .  

The o r i g i n a l  work w a s  based on t h e  p h y s i c a l  s u p p o s i t i o n  t h a t  

any l u n a r  magnet ic  f i e l d  would s h i e l d  t h e  E a r t h  from p r o p a g a t i o n  

o f  so l a r  p a r t i c l e s  and t h e r e b y  a f f ec t  t h e  l e v e l  o f  terrestr ia l  
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magnet ic  a c t i v i t y .  The s p e c i f i c  r e s u l t  of t h i s  pape r  is 

t h a t  a t u r b u l e n t  l u n a r  wake a s s o c i a t e d  w i t h  a magnetohydrodynamic 

i n t e r a c t i o n  of t h e  solar  wind w i t h  t h e  Moon does e x i s t .  If 

such  t u r b u l e n c e  i n  t h e  magnet ic  f i e l d  i m p l i e s  e q u i v a l e n t  

t u r b u l e n c e  i n  t h e  i n t e r p l a n e t a r y  Plasma i t  s u g g e s t s  f u r t h e r  t h a t  

f luc tua t ions  of magnet ic  a c t i v i t y  c o u l d  

a t  abou t  t h e  t i m e  of new Moon. 

p o s s i b l y  be enhanced 

The s t a t i s t i c a l  s i g n i f i c a n c e  of t h e  e a r l y  work h a s  come 

under  s e v e r e  c r i t i c i s m ,  a l t h o u g h  t h e  u s e  o f  K a s  a q u a n t i t y  

obey ing  t h e  normal  laws of  a l g e b r a  is i n h e r e n t l y  presumed by 

a l l  p a r t i c p a n t s  i n  t h e s e  d i s c u s s i o n s .  I n  s p i t e  o f  t h i s ,  S e p a r a t e  

b u t  v e r y  s imi la r  c o r r e l a t i v e  s t u d i e s  by two g roups  u s i n g  

i d e n t i c a l  d a t a  have been i n t e r p r e t e d  q u i t e  d i f f e r e n t l y .  S t o l o v  

and  Cameron (1964) have  concluded  t h a t  a l u n a r  e f f ec t  e x i s t s  

b u t  w i th  t h e  i n t e r e s t i n g  r e s u l t  t h a t  t h e  phase c o r r e s p o n d s  t o  

a f u l l  Moon d i s t u r b a n c e  Michel e t  a l .  (1964) on t h e  c o n t r a r y  

s t a t e  t h a t  t h e i r  r e s u l t s  are n o t  s t a t i s t i c a l l y  s i g n i f i c a n t .  

B e l l  and Defouw (1964) u s i n g  a supe rposed  epoch methodhowever  

conc luded  a l u n a r  e f f ec t  a t  f u l l  moon d o e s  e x i s t  s t a t i s t i c a l l y .  

P 

Davidson and Martyn (1964) u s i n g  a supe rposed  epoch and 

harmonic d i a l  a n a l y s e s  on A conc lude  t h a t  no s t a t i s t i c a l l y  

s i g n i f i c a n t  e f f e c t  e x i s t s .  

s t a t i s t i c a l  expe r imen t "  t o  i l l u s t r a t e  t h e i r  case. A major 

problem i n  t h e  a n a l y s i s  of  a d i m e n s i o n l e s s  index  such  as  K or  
P 

A is whether  or n o t  t h e  s t a t i s t i c a l  s i g n i f i c a n c e  tests are 

based  on  v a l i d  s t a t i s t i c a l  p r o p e r t i e s  of t h e  v a r i a b l e  b e i n g  

i n v e s t i g a t e d .  I n  t h e  c a s e  of  t h e s e  i n d i c e s  i t  is by no means 

c l e a r  t h a t  d e f i n i t i v e  answers  c a n  be o b t a i n e d .  Davidson and 

P 
T h e s e  a u t h o r s  conducted  ''a s i m p l e  

P 
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Martyn (1964) a l so  s ta te  t h a t  smoothing t h e  data such  a s  done 

by Bigg c a n  i n t r o d u c e  S P u r i o u s ,  p e r i o d i c i t i e s .  T h i s  is n o t  t r u e  

f o r  t h e  we igh t ing  f u n c t i o n  used  by Bigg ( r u n n i n g  a v e r a g e  by t h r e e ' s )  

and is i n  g e n e r a l  n o t  t r u e  f o r  m o s t  c l a s s i ca l  numer i ca l  f i l t e r i n g  

p r o c e d u r e s .  The g e n e r a l  s i t u a t i o n  w i t h  r e g a r d  t o  s t a t i s t i c a l  

s t u d i e s  on K or A is d e f i n i t e l y  n o t  y e t  r e s o l v e d  c o n c e r n i n g  

l u n a r  p e r i o d i c i t i e s .  F i n a l l y  a v e r y  r e c e n t  s t u d y  by Dodson 

and H e d e m a Q  (1964) 

d a y s  i n  s o l a r  cosmic r a y  d a t a .  T h i s  l a t e s t  r e s u l t  is c e r t a i n  t o  

c o n t r i b u t e  t o  o u r  a p p a r e n t  l a c k  of  u n d e r s t a n d i n g  of p o s s i b l e  

l u n a r  r e l a t e d  phenomena. 

P P 

i n d i c a t e d  an  anomalous p e r i o d i c i t y  of 29.5 

I f  t h e  geomagnet ic  t a i l  e x t e n d s  f a r  beh ind  t h e  E a r t h  t o  t h e  

d i s t a n c e  of  or beyond t h e  Moon, t h a t  is a t  least  60 R e ,  t h e n  t h e  

Moon w i l l  i n t e r a c t  w i t h  t h e  t a i l  and t h i s  may l e a d  t o  t empora l  

v a r i a t i o n s  i n  t h e  c h a r a c t e r i s t i c s  of  t h e  magne tosphe r i c  f i e l d s  

and p a r t i c l e  p o p u l a t i o n s  independen t  o f  solar  a c t i v i t y .  Indeed  

s u c h  a n  ex tended  magnetospher ic  t a i l  h a s  r e c e n t l y  been proposed  

by Dessler (1964).  A more p e r t i n e n t  d i s c u s s i o n  w i t h  r e s p e c t  t o  

t h e  magnet ic  f i e l d  topo logy  i n t e r i o r  t o  t h e  t a i l  h a s  been g i v e n  

by Axford e t  a1 (1964) .  D e t a i l e d  s t u d i e s  on t h e  IMP-1 d a t a  

o b t a i n e d  whi le  i n  t h e  geomagnet ic  t a i l  r e g i o n  are p r e s e n t l y  b e i n g  

conducted  t o  de t e rmine  t h e  p o s s i b l e  l u n a r  e f f e c t s  d u r i n g  March, 

A p r i l  and May of  1964,  as w e l l  as t h e  d e t a i l e d  t o p o l o g i c a l  

c h a r a c t e r i s t i c s  of t h e  f i e l d .  On t h e  b a s i s  of t h e s e  IMP-1 r e s u l t s  

and o t h e r s  o b t a i n e d  on t h e  E x p l o r e r  X s a t e l l i t e  (Heppner e t  a1 

(1963))  and Exp lo re r  X I V  ( C a h i l l  (1964) i t  a p p e a r s  c e r t a i n  t h a t  

t h e  geomagnetic f i e l d  and i ts  t a i l  e x t e n d  f a r  away f r o m  t h e  E a r t h  

I 
I 

l 

I 
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i n  an a n t i - s o l a r  d i r e c t i o n .  Thus,  i n t e r a c t i o n  of t h e  Moon w i t h  

t h e  E a r t h ’ s  magnet ic  t a i l  c a n  be r e a s o n a b l y  a n t i c i p a t e d .  The 

s t u d i e s  of S t o l o v  and Cameron (1964) and B e l l  and Defouw (1964) 

l e n d  s u p p o r t  t o  such  a c o n c l u s i o n .  

Howard e t  a1 (1964) have s u g g e s t e d  t h a t  v a r i a t i o n s  i n  t h e  

e l e c t r o n  d e n s i t y  i n  t h e  c i s l u n a r  medium d u r i n g  a s o l a r  e c l i p s e  

a r e  r e l a t e d  t o  a s5adowing e f f e c t  i n  t h e  l ee  of : the’Moon as i t  

i n t e r a c t s  w i t h  t h e  so l a r  wind, Although t h e  maximum change i n  

so l a r  wind d e n s i t y  r e q u i r e d  t o  e x p l a i n  t h e  o b s e r v a t i o n s  is 

r a t h e r  h i g h ,  100 p/cm3, t h e r e  is c o n s i d e r a b l e  d i f f i c u l t y  i n  

a c c u r a t e l y  removing changes  caused  by t h e  i o n s p h e r e  and 

magnetosphere .  T h i s  p ropaga t ion  expe r imen t  on l u n a r  a s s o c i a t e d  

changes  i n  t h e  c i s l u n a r  m e d i u m  may i n d i c a t e  a s e p a r a t e  t e c h n i q u e  

f o r  t h e  i n v e s t i g a t i o n  of t h e  magnetohydrodynamic wake of t h e  

moon d u r i n g  t h e  t i m e  of new moon. 

c 
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Summary and Conc lus ions  

During t h e  p e r i o d  i n  vrhich t h e  IMP-1 s a t e l l i t e  w a s  l o c a t e d  

i n  i n t e r p l a n e t a r y  s p a c e  beyond t h e  d i r e c t  e f f e c t s  of  t h e  solar  

wind i n t e r a c t i o n  w i t h  t h e  geomagnet ic  f i e l d  a un ique  d i s t u r b a n c e  

w a s  obse rved ,  T h i s  w a s  c h a r a c t e r i s t i c  o f  t h e  t r a n s i t i o n  r e g i o n  

and magnetosphere t a i l  a s s o c i a t e d  w i t h  t h e  so la r  wind i n t e r a c t i o n  

w i t h  t h e  geomagnetic f i e l d .  

t u r b u l e n t  magnet ic  f i e l d s  and enhanced magnet ic  f l u x  v a l u e s  

w e l l  above t h e  normal i n t e r p l a n e t a r y  c o n d i t i o n .  T h i s  e v e n t  is 

i d e n t i f i e d  a s  t h e  magnetohydrodynamic wake of t h e  Moon's 

i n t e r a c t i o n  w i t h  t h e  solar  wind. The u s e  o f  an  aerodynamic 

a n a l o g y ,  which h a s  proven so s u c c e s s f u l  i n  s t u d y i n g  t h e  

E a r t h ' s  i n t e r a c t i o n  wi th  t h e  solar  wind,  shows t h a t  t h e  s a t e l l i t e  

w a s  w i t h i n  t h e  p r imary  shock r e g i o n  a s s o c i a t e d  w i t h  a s u p e r  

A l f v e n i c  solar wind f low.  A second o p p o r t u n i t y  t o  i n v e s t i g a t e  

t h e  l u n a r  wake i n  J a n u a r y  1964 w a s  obscu red  by t h e  l o c a t i o n  of  

t h e  s a t e l l i t e  w i t h i n  t h e  shock  r e g i o n  o f  t h e  so la r  wind i n t e r -  

a c t i o n  w i t h  t h e  geomagnet ic  f i e l d .  A t h i r d  o p p o r t u n i t y  i n  

Februa ry  1964,  p o s s i b l y  d e t e c t e d  a wake b u t  i t  d i d  n o t  

demons t r a t e  t h e  s a m e  c h a r a c t e r i s t i c  f e a t u r e s ,  A t  t h i s  t i m e  t h e  

s a t e l l i t e  was some 200 l u n a r  r a d i i  from t h e  Moon. 

T h i s  tempora l  d i s t u r b a n c e  showed 

/ 

The g r e a t  d i s t a n c e  a t  which t h e  l u n a r  wake is obse rved  

and t h e  l a c k  of  q u a n t i t a t i v e  d e s c r i p t i o n s  r e g a r d i n g  t h e  E a r t h ' s  

magnet ic  t a i l  p r e c l u d e  a n  estimate of t h e  s t r e n g t h  of  any  l u n a r  

magnet ic  f i e l d .  However, t h e  f a c t  t h a t  a l u n a r  wake w a s  

obse rved  d u r i n g  December 1963 is s u g g e s t i v e  of a l u n a r  magne t i c  

, 
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f i e l d  a t  t h e  e q i a t o r i a l  s u r f a c e  of s e v e r a l  hundred gammas or 

more 

A major q u e s t i o n  r a i s e d  by t h i s  pape r  i s  whether  or n o t  

a shock  wave due t o  t h e  moon is e x p e c t e d  t o  d e v e l o p  a t  a l l  

t i m e s  i n  t h e  i n t e r p l a n e t a r y  medium u n l e s s  an  i n t r i n s i c  l u n a r  

magnet ic  f i e l d  is p r e s e n t ,  I t  would a p p e a r  t h a t  t h e  absence  o f  

a s t r o n g  f i e l d ,  and t h e  s m a l l  s ize  o f  t h e  Moon p r e c l u d e  a 

c o n d i t i o n  ana logous  t o  t h a t  i n  t h e  case of t h e  E a r t h  i n  which a 

shock  wave is u s u a l l y  expec ted  t o  o c c u r .  The Larmor  r a d i u s  of  

t h e  a v e r a g e  solar  wind p r o t o n  is of  t h e  same o r d e r  of  magni tude 

a s  t h e  l u n a r  r a d i u s  and t h u s  t h e  ana logy  w i t h  f l u i d  dynamics 

is p r o b a b l y  n o t  j u s t i f i e d .  

The Russ i an  measurements on t h e  Lunik I1 s p a c e c r a f t  

impac t ing  t h e  l u n a r  s u r f a c e  i n d i c a t e  t h a t  t h e  magnet ic  f i e l d  

o f  t h e  Moon is n o t  s u f f i c e n t l y  s t r o n g  t o  produce f i e l d  s t r e n g t h s  

l a rger  t h a n  100  gammas a t  a d i s t a n c e  of 55 Km. T h i s  can  be 

u n d e r s t o o d  on t h e  bas i s  of a compress ion  o f  a l u n a r  magnet ic  

f i e l d  by t h e  solar  wind. However, a t  t h e  same t i m e  t h a t  t h i s  

d a t a  w a s  o b t a i n e d  s c i n t i l l a t i o n  c o u n t e r  d a t a  (Vernon e t  a l ,  1960) 

o b t a i n e d  a t  a d i s t a n c e  of less t h a n  1000 Km from t h e  l u n a r  

s u r f a c e  i n d i c a t e d  e n e r g e t i c  p a r t i c l e  f l u x  v a l u e s  100 t i m e s  those 

found t y p i c a l l y  i n  i n t e r p l a n e t a r y  s p a c e .  T h i s  v a l u e  of  1000 Km 

is t a n t a l i z i n g l y  c lose t o  t h e  l u n a r  shock  wave s t a n d  o f f  d i s t a n c e .  

Indeed  t h e  magnet ic  f i e l d  d a t a  f o r  d i s t a n c e s  less t h a n  1000 km 

are a l so  larger  and more v a r i a b l e  a lso.  T h i s  may i n d i c a t e  t h a t  

s h o c k  r e g i o n  c h a r a c t e r i s t i c s  s i m i l a r  to  t h a t  obse rved  s u r r o u n d i n g  
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t h e  E a r t h  may have been p r e s e n t  s u r r o u n d i n g  t h e  Moon a t  t h a t  

t i m e  . 
The f a c t  t h a t  t h e  E a r t h ' s  magnetospher ic  t a i l  does  

ex tend  f a r  behind t h e  E a r t h  may w e l l  l e a d  t o  l u n a r  a s s o c i a t e d  

v a r i a t i o n s  of Kp or A 

t h e  E a r t h ' s  t a i l .  

a t  f u l l  moon as t h e  Moon sweeps th rough  
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R e l a t i v e  p o s i t i o n s  of  IMP-1 s a t e l l i t e ,  e a r t h  and moon 

p r o j e c t e d  on s o l a r  e c l i p t i c  Y-Z p l a n e  d u r i n g  p e r i o d  December 

12-16,  1963 when t h e  wake of  t h e  moon w a s  d e t e c t e d  i n  

i n t e r p l a n e t a r y  s p a c e ,  

V a r i a t i o n  of  r e l e v a n t  e a r t h ,  moon and IMP-1 s a t e l l i t e  

p o s i t i o n  p a r a m e t e r s  d u r i n g  p e r i o d  December 12-16,  1963, 

The wake of  t h e  moon w a s  d e t e c t e d  between 0130 December 1 4  

t o  0900 December 15. The t i m e  i n t e r v a l s  of t u r b u l e n c e  and 

of u n u s u a l l y  s t r o n g  f i e l d s  are i n d i c a t e d .  

Magnet ic  f i e l d  d a t a  f r o m  o r b i t  N o .  5 December 1 4 ,  1963 

i l l u s t r a t i n g  IMP-1 e n t r y  i n t o  l u n a r  magnetohydrodynamic wake 

from r e l a t i v e l y  u n d i s t u r b e d  i n t e r p l a n e t a r y  s p a c e  a t  0130. 

Magnet ic  f i e l d  d a t a  from o r b i t  N o .  5 December 15,  1963 

i l l u s t r a t i n g  IMP-1 e x i t  from l u n a r  magnetohydrodynamic wake 

i n t o  r e l a t i v e l y  u n d i s t u r b e d  i n t e r p l a n e t a r y  s p a c e  a t  0900 w i t h  

l a r g e  f i e l d  magc i tudes  observed  bwtween 1800 t o  2100 December 1 4 .  

R e l a t i v e  p o s i t i o n s  of IMP-1 s a t e l l i t e ,  e a r t h  and moon 

Droiected on e c l i n t i c  Dlane during. Der iod  J a n u a r v  11-15. 1964.  
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R e l a t i v e  p o s i t i o n s  of  IMP-1 s a t e l l i t e ,  e a r t h  and moon 

p r o j e c t e d  on s o l a r  e c l i p t i c  Y-Z p l a n e  d u r i n g  p e r i o d  

January 12-16, 1964. 

V a r i a t i o n  of  r e l e v a n t  e a r t h ,  moon and IMP-1 s a t e l l i t e  

p o s i t i o n  p a r a m e t e r s  d u r i n g  p e r i o d  J a n u a r y  12-16, 1964. 

R e l a t i v e  p o s i t i o n s  of  IMP-1 s a t e l l i t e ,  e a r t h  and moon 

p r o j e c t e d  on e c l i p t i c  p l a n e  d u r i n g  p e r i o d  February  9-14, 

1964 when a weak wake of  t h e  moon w a s  p o s s i b l y  obse rved .  

R e l a t i v e  P o s i t i o n s  of IMP-1 s a t e l l i t e ,  e a r t h  and moon 

p r o j e c t e d  on s o l a r  e c l i p t i c  Y-Z p l a n e  d u r i n g  p e r i o d  Februa ry  

9-14, 1964 when a weak wake of t h e  moon was p o s s i b l y  obse rved .  

V a r i a t i o n  of r e l e v a n t  e a r t h ,  moon and IMP-1 s a t e l l j  te 

p o s i t i o n  pa rame te r s  d u r i n g  p e r i o d  Februa ry  10-15 when a 

weak wake of t h e  moon w a s  p o s s i b l y  obse rved  between 0400 

t o  1200 Februa ry  10. 

Magnetic f i e l d  d a t a  from o r b i t  N o .  2 0 , F e b r u a r y  1 0 ,  1964 

i l l u s t r a t i i i g  IMP-1 sampl ing  of  t h e  i n t e r p l a n e t a r y  Inzgnetic 

f i e l d  and p o s s i b l e  l u n a r  magnetohydrodynamic wake a f t e r  e x i t  

from t r a n s i t i o n  r e g i o n  of  t h e  s o l a r  wind i n t e r a c t i o n  w i t h  

t h e  geomagnetic f i e l d .  The E a r t h ' s  shock wave w a s  t r a v e r s e d  

a t  a geoceki t r ic  d i s t a n c e  of  30.3 R e o  

Magnetic f i e l d  d a t a  from o r b i t  N o .  2 0 , F e b r u a r y  11, 1964 ,  

i l l u s t r a t i n g  IMP-1 sampl ing  of t h e  i n t e r p l a n e t a r y  magnet ic  

f i e l d  and p o s s i b l e  l u n a r  magnetohydrodynamic wake b e f o r e  

e n t r y  i n t o  t r a n s i t i o n  r e g i o n  of  s o l a r  wind i n t e r a c t i o n  w i t h  

geomagnetic f i e l d .  The e a r t h ' s  shock  w a s  t r a v e r s e d  a t  a 

. .  
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geocent r ic  d i s t ance  of 23.6 Re w i t h  a poss ib l e  "precursor" 

de t ec t ed  a t  24.2 Re. 

15. The Alfven v e l o c i t y  as a func t ion  of t h e  i n t e r p l a n e t a r y  magnetic 

f i e l d  s t r e n g t h  and s o l a r  plasma f l u x  parameters.  The 

average magnetic f i e l d  i n  in t e rp l ane ta ry  space w a s  5 gammas 

with l i m i t s  of 1 to 1 O Y .  
/ 

16. Mach angle  as  func t ion  of the corresponding Alfven mach number. 

17. Re la t ive  p o s i t i o n  of IMP-1 s a t e l l i t e  and moon i n  lunar  

a s soc ia t ed  coord ina tes  i l l u s t r a t i n g  envelopment within 

lunar  shock wave assuming aerodynamic s i m i l i t u d e  during 

December 1963 and February 1964. 
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